Sodium hypochlorite was an excellent disinfectant at low temperatures. With the addition of ethylene glycol to prevent freezing, hypochlorite solutions at low free available chlorine concentrations, were effective against Bacillus subtilis var. niger spores from 0 to -40 C. The effectiveness of this decontaminant was influenced by temperature, pH, and concentration, with pH 7.2 the optimum for decontamination at all temperatures and concentrations.
Little information is available on liquid chemical disinfectants suitable for use at temperatures well below freezing. Methods were developed in these laboratories for conducting disinfectant studies at temperatures as low as -40 C; the sporicidal activity of peracetic acid and fpropiolactone at subzero temperatures was previously reported (4) . These low-temperature disinfectant studies have now been extended to include sodium hypochlorite (NaOCl). Gorzhkovskaya (2) used NaCI as a freezing point depressant for calcium hypochlorite solutions to obtain a disinfectant that could be used in winter for cattle cars and outdoor structures. ShuraBura (5) claimed that electrolyzed seawater, NaCl, or NaCl-CaCl2 solutions possessed good sporicidal activity at -12 C, at which temperature they were still liquid. Neither of these authors, however, gave data on the kinetics of chlorine activity at subzero temperatures.
In the present study, ethylene glycol was used as a freezing point depressant, and Bacillus subtilis var. niger spores were used to study the sporicidal effect of several concentrations of NaOCl at temperatures from 0 to -40 C and at pH values of 4.2, 5.2, 6.2, 7.2, 8.6, and 10.5.
MATERIALS AND MErHODS
The apparatus used for this study was previously described (4 Buffer solution. To control the pH of the chiorine solutions, they were prepared in buffer solution. The buffer solution consisted of a mixture of 1 M KH2PO4 (four parts) and concentrated HCI (one part). The proper volume of buffe: soijution used for each pH change was based orn the pH of the NaOCI stock solution used to make test FAC solutions. The volume of acid buffer and NaOCI was established prior to making up the test solutions. Once NaOCI and buffer have been mixed, it is difficult to readjust the pH with alternate additions of acid buffer and base, if the desired pH is missed. The pH of high concentrations of NaOCl (1.2%) was very difficult to adjust below 8.6.
Preparation oftest solution. The preparation of the test solutions follows the method previously described (4) . Briefly, the chlorine test solutions were prepared in volumes that were five-fourths as strong as the desired concentrations, so that, when the solution was added to the spore suspension in a ratio of 4 to 1, the test mixture would be of the desired concentration. The buffer solution, when required for the proper pH, was added to the ethylene glycol and water and cooled to 0 C. The predetermined volume of NaOCl was poured into the cold mixture of buffer and ethylene glycol; this mixture was capped, gently but thoroughly mixed, and replaced in a cold bath. The FAC and pH of this test solution were determined immediately after mixing. The test solutions were not allowed to warm above 5 C, because of the instability of NaOCl, particularly at the lower pH values.
The test solution and spore suspension were equilibrated separately at the desired temperatures before each test was started.
Procedure. The temperature-equilibrated chlorine solution was poured into the spore suspension; this mixture was quickly but gently shaken, returned to the ethylene glycol bath, and sampled when desired.
FAC and pH concentrations were measured at the start and finish of each test.
A pH meter that functions in the range of 10 to 40 C was used to measure pH. The temperature dial was set at 12 C, a sample was withdrawn, and the pH of the 787 on October 25, 2017 by guest http://aem.asm.org/ Downloaded from cold solution was read after this temperature was attained. The hypochlorite solution at the pH values and concentrations tested is sufficiently stable over a short period of time to permit pH measurement. This temperature was indicated when the meter needle stabilized, which required about 1 to 3 min for the very low temperature solutions.
Sodium thiosulfate (1 M) was used as the neutralizer. In cases where the chlorine test solutions were below pH 7.0, sufficient NaOH (1 N) was added to the sodium thiosulfate to neutralize the excess HCI after samples were removed. Excess acid produced a yellow precipitate from the sodium thiosulfate in the neutralized medication tube. The pour plate method was employed to assay surviving spores with Tryptose agar (Difco).
Plates were incubated at 37 C and counted at 48 hr.
In this study, 1.2, 0.6, 0.3, and 0.12% FAC were evaluated whenever feasible at 10-degree temperature intervals between 0 and -40 C. (4) . It has been demonstrated (3) that interactions of aqueous polyethylene glycol solutions occurred with iodine, forming polyethylene glycol-iodine complexes in ester linkages. It is quite possible that a similar type of interaction occurs with ethylene glycol and chlorine.
Evidence shows that NaOCI exhibits sporicidal activity at temperatures as low as -40 C. The effectiveness of this decontaminant is influenced by temperature, pH, and concentration. Death rates are generally linear after an initial lag. The initial lag period was more evident in some instances than in others, depending upon the many variables inherent in changes of pH, temperature, and concentration ( Fig. 1 and 2 ). At the lower pH values, there is evidence of a tailing effect as the death rate appears to decrease at the longer exposure times.
Effect of temperature. At -40 C, sterility was attained with 1.2% FAC solution at pH 7.2 against 106 B. subtilis spores in 8 hr (Fig. 3) . At 0 C, sterility was realized in minutes. The initial lag period demonstrated under all the test conditions was a function of the temperature and concentration. Lag time is increased with a decrease in chlorine concentration, but the increase is greater with the lowering of the temperature.
Effect of pH. Hydrogen ion concentration had a marked effect on the sporicidal properties of NaOCl. Because of the great loss in activity at pH 10.5 and 8.6 at -20 C (Fig. 4) cients, Qio values, were calculated for hypochlorite at pH 5.2, 7.2, 8.6, and 10.5 over the range 0 to -40 C. Although not included in this report, these values showed wide variations among temperature ranges, concentrations, and pH, such that they could not be applied to explain general trends under the conditions tested. Better correlation was exhibited by determining the decimal reduction time, or D values. The D value is the time necessary to kill 90% of the spores. To determine the D value, it must be assumed that survival data, when plotted, are linear. Many of the hypochlorite curves were nonlinear, depending upon the FAC concentration and pH. However, straight lines were obtained after the lag period when the log of the log survival was plotted against time. Because this log of the log survival plot demonstrated linearity, it suggested the best fit for the log survival curves from which D values were interpolated. D values shown in Table 3 indicate that the rate of disinfection is markedly affected by pH and temperature, with temperature showing the greater influence. Lowering the pH from 10.5 to 8.6 also increases rate of kill. The rate of kill increases greatly from pH 10.5 to 7.2 and begins to decrease slightly from 7.2 to 5.2. Because the data showed only slight differences in sporicidal activity at the lower pH values, an analysis was performed to determine whether the differences were significant. The D value estimates for 0 and -10 C were used to determine whether were obviously higher than the others. An apparent drop in activity is noted from 8.6 to the lower pH values; below this, very little difference occurs.
At -10 C, pH 8.6, 7.2, and 5.2 were used with FAC concentrations of 1.2, 0.6, 0.3, and 0.12%. As before, there was an apparent drop in activity from 8.6 to low pH values, with no noticeable difference from 7.2 to 5.2. There was a significant difference in activity among concentrations, with longer times at the lower concentrations.
In studying the D values of NaOCl at 0 and -10 C, a definite increase in sporicidal activity is observed from pH 10.5 to 8.6. The activity increases from 8.6 to lower pH values, but little difference is noted among pH 7.2, 5.2, and 4.2. At lower temperatures, difference in pH values is less marked.
The semilog plot (Fig. 5 ) of the lag time for aU concentrations versus temperature at pH 7.2 shows essentially parallel lines, with a deviation from a straight line function at -40 for FAC of 1.2 and 0.6%. This phenomenon was observed earlier with peracetic acid (4) . This 
